A material with reversible temperature change capability under an external electric field, known as the electrocaloric effect (ECE), has long been considered as a promising solid-state cooling solution. However, electrocaloric (EC) performance of EC materials generally is not sufficiently high for real cooling applications. As a result, exploring new EC materials with high performance is of great interest and importance. Here, we report on the ECE of a new class of EC material, the 2D ferroelectric materials (CuInP2S6 or CIPS in this work in particular) for the first time. Over 60% polarization charge change is observed within a temperature change of only 10 K at Curie temperature, as the result of a second order phase transition in CIPS. Large adiabatic temperature change (|ΔT|) of 3.5 K, isothermal entropy change (|ΔS|) of 6.1 J kg -1 K -1 at |ΔE|=142.0 kV cm -1 at 315 K (above and near room temperature) are achieved, with a large EC strength (|ΔT|/|ΔE|) of 29.2 mK cm kV -1 . The ECE of CIPS is also investigated theoretically by numerical simulation and a further EC performance projection is provided.
so that above but near room temperature TC is important for practical applications. Therefore, near Curie temperature as working temperature, adiabatic temperature change (|ΔT|, |ΔT|/|ΔE| as EC strength if normalized by electric field) and isothermal entropy change (|ΔS|, |ΔS|/|ΔE| if normalized by electric field) are key parameters for the performance of EC materials. One of the key challenges in realizing electrocaloric cooler is the relatively low |ΔT| and |ΔS| in current EC materials. The realization of EC cooler requires searching new EC materials with high EC performance. 2D ferroelectric materials, as a new class of ferroelectric materials, featured with a van der Waals weak interaction between layers and being easy to form 2D van der Waals heterostructures, may have essential impact on the ferroelectric polarization switching and EC properties because the different vertical charge transport. Ferroelectricity in 2D materials are recently started to be studied [11] [12] [13] [14] , but is rather rare currently because of the limited research efforts. 2D EC materials with van der Waals heterostructures remain unexplored. Meanwhile, an insulating EC material is also required in EC refrigerator to avoid the Joule heating. CuInP2S6 (CIPS) has been recently explored as a 2D ferroelectric insulator with TC about 315 K and switchable polarization down to ~4 nm 11, 12, 15 . As a 2D ferroelectric insulator with TC above but near room temperature, CIPS can be a potential candidate for EC cooling applications.
Here, we report for the first time on the ECE on a 2D ferroelectric insulator CIPS. The TC at 315 K is only slightly above human body temperature so that the material can have a broad range of practical cooling applications. Over 60% polarization change is observed with a temperature change of only 10 K. |ΔT| of 3.5 K and |ΔS| of 6.1 J kg -1 K -1 at |ΔE|=142.0 kV cm -1 and at 315 K are achieved, with a large EC strength (|ΔT|/|ΔE|) of 29.2 mK cm kV -1 . These representative values of CIPS suggest that 2D ferroelectric materials can be competitive EC materials and is of great interest to further explore new 2D ferroelectric EC materials for potential applications in microelectronics, bio-or medical sensing, and nano-energy areas.
Results and Discussion
CIPS crystals were grown by solid state reaction 15, 16 . Fig. 1a and 1b shows the crystal structure of CIPS from top-view and side-view. It is based on a hexagonal ABC sulfur stacking, which is filled by Cu, In and P-P pairs and separated by a van der Waals gap as a 2D ferroelectric insulator. High-angle annular dark field STEM (HAADF-STEM) image of thin CIPS flake is shown in Fig. 1c . Distinct arrangement of Cu or In atoms could be clearly identified, with the fringe space of (100) planes measured to be 0.57 nm. The corresponding selected area electron diffraction (SAED, at a 600 nm by 600 nm region) shows a set of rotational symmetry pattern with perfect hexagonal crystal structure, indicating the CIPS flake is highly single-crystallized (Fig. 1c inset). Fig. 1d shows corresponding energy dispersive spectroscopy (EDS) spectrum of the CIPS thin film. EDS analysis confirms the CuInP2S6 stoichiometry 15 . Fig. 1e and 1f illustrate the Raman spectrum of an exfoliated CIPS thin film from 4 K to 325 K. The structure of CuInP2S6 in the ferrielectric phase is in the space group Cc, point group m 16 . The primary bands in Raman study are ν(P-S), ν(P-P), ν(S-P-S), and ν(S-P-P) in the 100 to 500 cm -1 range 17 , which shows a dramatic loss in intensity and peak broadening as the temperature is increased from 310 K to 315 K. Above the 315 K phase transition temperature, the Raman peaks are broadened with low intensity. Such measurements were repeated on multiple CIPS flakes and show similar loss in intensity and peak broadening at 315 K. Thus, temperature-dependent Raman measurements confirm a structural phase transition in CIPS at 315 K.
Temperature-dependent Piezo-response force microscopy (PFM) was studied to investigate the ferroelectricity in CIPS. measurements. Note that a fast over 60% polarization change is obtained within only 10 K temperature change, which may be related with the 2D van der Waals layered structure in CIPS.
The electrocaloric effect in CIPS is evaluated by indirect method 6, 18 . ΔT can be calculated as
, where C is the heat capacity, ρ is density. ΔS can be further calculated as
. As can be seen from the equations of ΔT and ΔS, the fast polarization change with respect to temperature can significantly enhance the EC strength of the EC material. The (Fig. 3a) show an abrupt phase transition near T=315 K. Such a ferroelectric (FE) to paraelectric (PE) transition is attributed to the second order phase transition mechanism in CIPS.
Considering the second order phase transition with a Curie-Weiss temperature, T0 (or Curie temperature, TC) of 315K, the simulated temperature-dependent P-V characteristics are shown in Fig. 5a . Similarly, the simulated polarization versus temperature characteristics are plotted in Fig.   5b . To evaluate the EC effects, |ΔT| at different temperatures are calculated for different |ΔE| from 0 to 100 kV cm -1 (using same method as in Fig. 3 ) and is shown in Fig. 5c . The simulation results (Fig. 5a-c) show good agreement with the experimental results ( Fig. 3c ) and suggest that in the case of second order phase transition, maximum EC temperature change occurs at 315 K.
In contrast to the second order phase transition, a class of FE materials (such as BTO and PZT) exhibit a two-step first order phase transition, firstly from FE to anti-ferroelectric (AFE) and then from AFE to PE. To compare the EC effect in CIPS (due to second order phase transition) with the materials that exhibit first order phase transition, the EC effect is investigated for first order phase transition in numerical simulation ( Fig. 5d-f ). In this case, a FE to AFE phase transition occurs at T=336 K and an AFE to PE phase transition occurs at T=352 K for T0=315 K. Moreover, unlike the second order phase transition, maximum EC occurs at T=336 K>T0 during the FE to AFE phase transition, in the case of the first order transition. Fig. 5g shows the comparison of |ΔT| versus temperature between first and second order phase transitions. Maximum EC strength in second order transition is significantly higher compared to first order transition. Such observation can be understood by considering the implication of an intermediate AFE phase in first order phase transition. The presence of such AFE phase implies that it is possible to achieve an abrupt polarization change by applying an electric field. Therefore, in case of first order phase transition, the temperature driven polarization change is partially compensated by the electric field driven polarization change. Consequently, EC effect decreases in case of the first order phase transition compared to the second order phase transition. The calculated EC strength versus ΔE results in Fig. 5h also give similar conclusion. Fig. 5i shows the impact of remnant polarization on the EC performance of ferroelectric materials with second order transition. It can be clearly seen that EC strength is higher with higher Pr. Thus, a ferroelectric material with a second order transition (such as CIPS) and high remnant polarization with Tc above but near room temperature is preferred for high performance EC applications.
Conclusion
In conclusion, the electrocaloric effect on a 2D ferroelectric material is investigated for the first time. Over 60% polarization change is observed with a temperature change of 10 K in CIPS.
A |ΔT| of 3. 
T=295K
We calibrate the Landau coefficients by fitting the simulated polarization versus voltage (P-V) characteristics with the measured P-V characteristics for T=295 K (Fig. S5) . As the experimentally measured temperature dependent P-V characteristics suggest second order phase transition in CIPS, therefore, we assume > 0, in our calibration. The corresponding Landau coefficients we get from the calibration are presented in Table. SI. Similarly, when we consider the first order phase transition in simulation, we assume < 0 while keeping the remnant polarization and coercive-field as same as the second order case (CIPS). Corresponding Landau coefficients are given in Table. SII. 
